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e-mail: bajory.zoltan@med.u-szeged.hu).Purpose: Testicular torsion without timely intervention causes incurable damage
to the testis. We examined the causative role of microcirculatory injury in torsion
induced testicular damage with particular regard to endothelin-A receptor
activation.
Materials and Methods: The microcirculatory consequences of testicular torsion
were assessed in the presence or absence of endothelin-A receptor antagonism in
rats. Microcirculatory perfusion changes (red blood cell velocity and pulsatile
flow pattern alterations) were examined by an orthogonal polarization spectral
imaging technique. Microcirculatory inflammatory alterations were assessed
by fluorescence intravital video microscopy after 60-minute torsion followed by
240-minute reperfusion. As a specific endothelin-A receptor inhibitor, the anti-
sense homology box derived peptide ETR-p1/fl was applied 10 minutes before
reperfusion. Tissue accumulation of leukocytes was estimated by myeloperox-
idase activity in tissue biopsies taken at the end of the 4-hour reperfusion period.
In further experiments testicular weight as a marker of permanent damage was
evaluated 45 days after torsion.
Results: The physiological pulsatile flow pattern ceased in the initial phase of
reperfusion while leukocyte-endothelial interactions increased throughout the
examined reperfusion period. Endothelin-A receptor antagonism caused earlier
return of pulsatile flow and recovery of red blood cell velocity, and alleviated
microcirculatory inflammatory reactions and atrophy.
Conclusions: Results suggest a pathophysiological role of endothelin-A receptor
activation in the pathogenesis of testicular torsion. This effect is related to
deterioration in testicular perfusion and activation of microcirculatory inflam-
matory reactions.
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reperfusion; microcirculationDESPITE reestablishment of blood flow
testicular atrophy and aspermato-
genesis are a common outcome of
testicular torsion.1 Testicular injury
pathology has been extensively
investigated and various pharmaco-
logical approaches have been tested
that target different levels of the
pathomechanism, eg sildenafil citrate,0022-5347/14/1926-1871/0
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1872 ENDOTHELIN-A RECEPTOR ANTAGONISM IN TESTICULAR TORSIONPermanent loss of spermatogenesis was observed in
a model of testicular torsion despite restoration of
blood flow within 4 hours, as evidenced by a radio-
active microsphere technique.1 In similar settings
laser Doppler flowmetry indicated that flow was not
sufficiently restored in the early stages but rather in
the later phases of reperfusion.3 We similarly re-
ported disturbed perfusion using in vivo microscopic
methods with comparatively high spatial resolution,
including fluorescence IVM and OPS.4 Another
important microcirculatory phenomenon is PMN
recruitment in subtunical venules. Their presence is
closely linked to germ cell apoptosis.1
Reestablishing testicular microvascular perfu-
sion and the balance between vasoconstrictor and
vasodilator factors after torsion have a crucial
impact on tissue survival. Some of these factors are
derived from endothelium, including the vascular
smooth muscle dilator nitric oxide and the vaso-
constrictor ET-1, mainly via its ET-A receptors.
Interestingly each vasoactive factor has a role in
germ cell injury.5 Hypoxia is a major signal of ET-1
release.6 ET-1 is liberated from endothelium and
also produced in nonvascular testicular tissues
(seminiferous tubules,7 and Leydig and Sertoli
cells8). ET-1 induces oxidative stress by interfering
with the NADPH oxidase system. In view of these
findings the potential roles of ET-1 in the testis
include regulation of blood flow via its direct effect
on ET-A receptors or secondarily through NADPH
oxidase derived superoxide production and modu-
lation of spermatogenesis/germ cell apoptosis by
similar free radical mediated mechanisms.5
Via calcium mobilization from intracellular and
extracellular sources ET-A receptors promote vaso-
constriction, smooth muscle cell proliferation and
inflammation. ET-B receptors have opposing ac-
tions, causing vasodilation and increased sodium
excretion, and inhibiting cell growth and inflam-
mation.9 Several studies revealed that plasma ET-1
levels are increased, for example during myocardial
ischemia/reperfusion injury,10 but alleviated by
ET-A receptor antagonism.11 In the testis the den-
sity of ET-A receptors is considerably higher than
that of ET-B receptors.12 Topical application of ET-1
gives rise to testicular vasoconstriction and leuko-
cyte accumulation, which can be ameliorated by
ET-A antagonism,8 but microvessels mostly show
ET-B receptor positivity.7 Furthermore, nonselec-
tive ET receptor antagonism greatly ameliorates
torsion induced testicular injury.5
A selective ET-A receptor antagonist, antisense
homology box derived ETR-p1/fl peptide,13 also ex-
erts positive effects in different types of ischemia/
reperfusion injury, of which some effects are related
to microcirculatory improvement. It ameliorates
postischemic mucosal injury and microcirculatoryDownloaded for Anonymous User (n/a) at HUNGARY - Szeged U
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the microcirculatory effects of ET-A antagonism in
the testis are unknown. We examined testicular
microcirculatory reactions in response to testicular
T/R with particular interest in the role of ET-A
receptor activation via the use of ETR-p1/fl peptide.MATERIALS AND METHODS
Experiments were approved by the University of Szeged
animal welfare committee and performed in accordance
with National Institutes of Health Guidelines.
Experimental Protocol
A total of 51 male Sprague Dawley rats weighing a
mean  SD 250  10 gm were randomly allotted into
acute and chronic experimental series. In the acute series
31 rats were allotted into a further 6 groups. In the first
4 groups testicular microcirculation was examined by
IVM or OPS 10 minutes after surgical exposure before
experimental torsion, and at 15 and 30 minutes, and each
hour of the 4-hour reperfusion period. In 2 of these 4
groups ETR-p1/fl peptide was administered intravenously
as a single 0.25 mg/kg dose dissolved in 1 ml/kg saline, as
based on a former study,15 10 minutes before reperfusion.
Thus, 5 rats received T/R plus ETR-p1/fl-IVM and 5
received T/R plus ETR-p1/fl-OPS. Animals in the other
2 groups in this series served as controls. They received
1 ml/kg saline (T/R plus saline groups), and IVM and OPS
recordings were made in 5 and 6 rats, respectively. Data
were compared with those on 2 sham operated groups that
received saline, including 5 rats in which IVM was done
and 5 in which OPS was done. At the end of all experi-
ments with OPS the affected and contralateral testes (16)
were harvested to analyze MPO activity, which indicates
tissue accumulation of PMNs.
In the chronic series a total of 20 rats were allotted to
3 experimental groups, including 8 rats with T/R plus
ETR-p1/fl, 6 with T/R plus saline and 6 with sham oper-
ation plus saline. Intravenous injections of ETR-p1/fl
peptide or saline vehicle were administered in the penile
veins. At 45 days the torsed testes together with the
contralateral testes were harvested using pentobarbital
anesthesia.
Surgical Exposure
In the acute series rats were anesthetized by intraperi-
toneal injection of sodium pentobarbital (45 mg/kg) and
microcirculatory examinations were performed. After
cannulating the trachea, the jugular vein and carotid
artery were also cannulated to administer fluid and drugs,
and measure arterial pressure using a device (Experime-
tria, Budapest, Hungary). The rat was placed supine on
a heating pad. Ringer lactate was infused at a rate of
10 ml/kg per hour together with supplementary doses of
pentobarbital (5 mg/kg) intravenously as necessary. Using
a microsurgical approach a 2.0 cm incision was made in
the scrotum, the internal spermatic fascia was excised
and the testis was divided from the epididymis. The
tunica albuginea and vessels remained intact. Clockwise
720-degree torsion was created and the testis was
temporarily replaced in the scrotum, which was closedniversity from ClinicalKey.com by Elsevier on June 18, 2018.
 Copyright ©2018. Elsevier Inc. All rights reserved.
ENDOTHELIN-A RECEPTOR ANTAGONISM IN TESTICULAR TORSION 1873with a miniclip. Complete ischemia was verified by IVM in
preliminary experiments. Torsion was reversed after
60 minutes.
In the 3 chronic groups testicular weight changes were
determined 45 days after inducing experimental T/R.
Short-term anesthesia was initiated by intraperitoneal
injection of ketamine (90 mg/kg) and xylazine (10 mg/kg),
and maintained by small empirical doses. The scrotum
was disinfected with povidone iodide and the testis was
prepared by the method described, followed by 720-degree
torsion. At 60 minutes torsion was reversed, incisions
were closed with sterile surgical threads (5-zero Vicryl)
and the rats were allowed to awaken.
Testicular Microcirculatory Perfusion Changes
Microcirculatory perfusion changes were assessed by the
OPS technique using the Cytoscan. This technique uses
epi-illumination with linearly polarized light to visualize
structures containing hemoglobin without using fluoro-
chrome. The left testis was positioned on a pedestal.
Videomicroscopic images were recorded with a Panasonic
AG-MD 830S-VHS video recorder (Matsushita, Tokyo,
Japan). Microcirculatory parameters were quantitatively
assessed off line by frame-to-frame analysis. Capillary
RBCVs were measured in mm per second in 3 separate
fields with at least 10 measurements per time point by a
computer assisted image analysis system (IVM Pictron,
Budapest, Hungary). Since normal testicular flow is
characterized by vasomotion consisting of high and low
flow periods, RBCV values of high flow periods were
determined together with their relative duration.
Testicular Neutrophil-Endothelial Cell Interactions
The testis was positioned on a stage, superfused with
37C saline and visualized by IVM using an Axiotech
Vario 100HD microscope, a 100 W HBO mercury lamp
and an Acroplan 20 water immersion objective (Carl
Zeiss, Jena, Germany). Fluorescein isothiocyanate labeled
erythrocytes (0.2 ml intravenously) was used to stain red
blood cells16 and rhodamine-6G (0.2% in 0.1 ml intrave-
nously) (Sigma-Aldrich) was used to stain leukocytes.
Recordings were made with a BC 12 charge-coupled
device video camera (ATV-Horn, Aalen, Germany)
attached to an S-VHS video recorder and a personal
computer. Microcirculatory parameters were quantitativelyTime course of changes in capillary flow motion in sham operated ra
10 minutes before reperfusion based on OPS data
Baseline 5
Sham operated þ saline:
Flow motion incidence (No. rats) 5 5
Mean  SEM No. flow motion cycles (1/min)* 6.7  0.2 6.6  0.6
Mean  SEM % high flow period relative duration 75.5  2.0 82.1  3.3
T/R þ saline:
Flow motion incidence (No. rats) 5 3
Mean  SEM No. flow motion cycles (1/min)* 7.0  0.3 6.7  0.3
Mean  SEM % high flow period relative duration 75.2  2.9 72.2  0.4
T/R þ ETR-pl/fl:
Flow motion incidence (No. rats) 5 3
Mean  SEM No. flow motion cycles (1/min)* 6.2  0.1 9.3  0.4
Mean  SEM % high flow period relative duration 76.2  2.1 65.5  4.2
* If present.
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taped images. Leukocyte-endothelial cell interactions
were analyzed in at least 5 postcapillary venules per
rat. Rolling leukocytes were defined as cells moving at a
velocity of less than 40% of that of erythrocytes in the
centerline of the microvessel that passed through within
30 seconds. Adherent leukocytes were defined as cells
that did not move from the endothelial lining within
30 seconds. Since all freely flowing, rolling and adherent
PMNs were clearly visible in this setup, values are shown
as the percent per 20 mm postcapillary venule segment.
Measurement
MPO activity. As a marker of tissue leukocyte infiltration,
tissue MPO activity was measured in testicular biopsies
according to a method modified from that of Kuebler
et al.17 Briefly, tissue was homogenized with tris-HCl
buffer (0.1 M, pH 7.4) containing 0.1 mM polymethyl-
sulfonyl fluoride to block tissue proteases and then
centrifuged at 4C for 20 minutes. Sample MPO activity
was measured at 450 nm using a UV-1601 spectropho-
tometer (Shimadzu, Kyoto, Japan). Data were normalized
to protein content.
Testicular weight. Left testicular wet weight was
measured 45 days after experimental torsion and
compared to that of the contralateral testes.
Statistical Analysis
Statistical analysis was performed with SigmaStat for
Windows. Differences between groups were compared
by 1-way ANOVA followed by the Holm-Sidak post hoc
test. Values are shown as the mean  SEM with p <0.05
considered significant.RESULTS
Testicular Microcirculatory Alterations
Testicular microcirculation was characterized by a
pulsatile flow pattern in all 5 rats in the sham
operated, vehicle treated group during the entire
examination period (see table). Thus, when a pul-
satile flow pattern was present, RBCV during
the high and low flow periods was determinedts and rats with T/R treated with ETR-pl/fl peptide or saline
Reperfusion (mins)
30 60 120 180 240
5 5 5 5 5
6.1  0.1 6.9  0.9 6.5  0.7 6.5  0.4 6.5  0.4
81.5  2.7 82.2  2.8 78.8  2.3 75.8  2.3 79.7  2.6
2 2 2 3 2
7.1  1.5 6.0  1.5 7.1  1.2 7.2  0.6 6.9  2.5
68.6  1.8 64.6  1.4 69.1  9.9 70.0  5.8 65.3  9.1
3 4 4 3 4
9.2  0.5 10.6  0.6 7.3  0.6 7.4  0.7 9.0  0.3
68.4  5.6 72.5  6.6 63.8  2.9 78.9  6.2 77.4  3.9
ersity from ClinicalKey.com by Elsevier on June 18, 2018.
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Figure 1. Mean  SEM RBCV in testicular microcirculation
capillaries in sham operated, and T/R and T/R plus ETR-p1/fl
treated rats. Single asterisk indicates p <0.05 vs sham
operated plus saline. Pound sign indicates p <0.05 vs T/R plus
ETR-p1/fl.
1874 ENDOTHELIN-A RECEPTOR ANTAGONISM IN TESTICULAR TORSIONseparately together with the corresponding dura-
tion in each group. In the sham operated group
microvascular perfusion cycling with respect to
RBCV shown during the high flow periods of flow
motion (fig. 1), the number of corresponding cycles
and the relative duration of the high flow periods
were grossly unchanged throughout the observation
period (table 1). However, in response to T/R this
flow pattern disappeared in many rats (it was pre-
sent in 2 to 3 of 5) and continuous perfusion was
noted. Therefore, RBCV at randomly chosen time
points during the continuous flow pattern and
RBCV measured during high flow periods were
considered. This method allowed us to compare
RBCV irrespective of the flow pattern in the 2 T/R
challenged groups.
This calculation revealed that T/R significantly
decreased RBCV in the saline treated group whileFigure 2. Number of rolling (A) and adherent (B) leukocytes in testicu
ETR-p1/fl treated rats. Single asterisk indicates p <0.05 vs sham opera
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treated group (fig. 1). The incidence of a pulsatile
flow pattern was also considerably higher in the
latter group (see table). The relative duration of
high flow periods appeared to be greater in response
to ET-A antagonism, although experimental numbers
did not allow for statistical comparison.
Neutrophil-Endothelial Interaction and MPO
Activity Changes
T/R resulted in a particularly high increase in the
number of rolling leukocytes in subtunical venules
in saline treated rats (fig. 2, A). Due to the higher
data dispersion there was merely a similar tendency
toward leukocyte adherence (fig. 2, B). ETR-p1/fl
peptide caused marker amelioration of each
parameter (fig. 2), which was statistically signifi-
cant throughout the reperfusion period for rolling
leukocytes. Similar changes were seen in MPO
values (fig. 3).
Testicular Atrophy
Testicular weight changes were evaluated 45 days
after the T/R challenge. Sham operation did not
influence testicular weight but T/R resulted in
a significant decrease in saline treated rats.
These changes were ameliorated by administering
ETR-p1/fl peptide (fig. 4).DISCUSSION
In the current study selective ET-A antagonism
resulted in significant amelioration of the micro-
circulatory inflammatory reactions caused by
experimental T/R. These changes manifested in
improvements in microvascular perfusion, neutrophil-
endothelial cell interactions and accompanying
long-term testicular damage.
Restoring testicular blood flow is critical to
preserve spermatogenesis. Even moderately acutelar subtunical venules in sham operated, and T/R and T/R plus
ted plus saline. Pound sign indicates p <0.05 vs T/R plus saline.
niversity from ClinicalKey.com by Elsevier on June 18, 2018.
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Figure 3. Mean  SEM testicular MPO activity after sham
operation, T/R plus saline and ETR-p1/fl peptide treatment,
and on contralateral side (Intact).
ENDOTHELIN-A RECEPTOR ANTAGONISM IN TESTICULAR TORSION 1875decreases in nutritive blood flow affect testicular
morphology. The extent of flow reduction during
the ischemic phase depends on the methodology
applied, particularly in the clinical setting. These
changes can be identified only with major limita-
tions by perfusion CT,18 color Doppler ultrasound19
or perfusion scintigraphy.20 Therefore, the overall
clinical diagnosis is based on clinical signs and
physical examination.
During the reperfusion phase only partial testic-
ular flow recovery is usually evidenced. Methods
such as laser Doppler flowmetry used in experi-
mental settings provide more detailed information
on postischemic perfusion characteristics, indi-
cating an approximately 70% return of baseline flow
and the cessation of flow motion in the earlyFigure 4. Mean  SEM testicular weight 45 days after sham
operation, T/R plus saline and ETR-p1/fl peptide treatment,
and on contralateral side (Intact).
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ation deficits can also be discerned in the contra-
lateral testis. Deterioration in postischemic
microvascular flow and loss of its temporal vari-
ability were also revealed by the methodology that
we applied in the current study. The lack of physi-
ological flow motion and the concomitant cycling of
tissue oxygen tension appear to be characteristic
consequences of T/R, which showed only partial re-
covery by 24 hours and almost complete restoration
at 7 days. Normal flow motion does not reappear
after 1-hour testicular torsion even in the presence
of normalized flow values.22 Improvements in
microvascular perfusion achieved by any interven-
tion should be based on simultaneous restoration of
these parameters.
Although to our knowledge the underlying
mechanisms of physiological testicular vasomotion
and flow motion are not yet known, these reactions
are implicated in the mediation of normal local
transvascular fluid exchange23 and most probably
signs of intact/restored testicular vasoregulation.
Furthermore, vasomotion is influenced by hormonal
factors24 and scrotal temperature.25 Flow motion is
a physiological characteristic of testicular circula-
tion but the phenomenon is considered a sign of
impaired microcirculation in other organs.15 OPS,
which allows for simultaneous detection of arteri-
olar vasomotion, flow motion and capillary flow,
demonstrates that sinusoid changes in arteriolar
diameter (vasomotion) are accompanied by almost
square wave changes in microvascular flow (flow
motion). In the testis Kolettis et al reported vaso-
motion alterations in the microvasculature of
the seminiferous tubules and a simultaneous flow
reduction in the supplying artery in response to
contralateral T/R.21 In the current study RBCV in
individual subcapsular capillaries was determined
by OPS. Data support laser Doppler flowmetry
findings in regard to the disappearance of capillary
flow motion during the early post-torsion phase.
Data analysis also revealed decreased RBCV in
continuous flow situations and occasional high flow
periods during reperfusion. Notably ET-A receptor
antagonism with ETR-p1/fl peptide caused partial
recovery of flow motion and also reversed RBCV
decreases during recurring high flow periods.
Our study provides no direct evidence of the exact
mode of action of ET-A antagonism on postischemic
testicular microcirculation. However, it provides
indirect confirmation of ischemia/reperfusion in-
duced ET release and ET-A receptor activation. The
balance between vasoactive mediators is shifted
toward vasoconstriction because the capillary RBCV
data indicate marked deterioration. Since capil-
laries lack the smooth muscle component, this
reaction can be derived from vasoconstriction ofersity from ClinicalKey.com by Elsevier on June 18, 2018.
opyright ©2018. Elsevier Inc. All rights reserved.
1876 ENDOTHELIN-A RECEPTOR ANTAGONISM IN TESTICULAR TORSIONupstream arterioles. ET-A antagonism not only
ameliorated postischemic vasoconstriction but also
seemed to restore arteriolar pacemaker activity,
causing the reestablishment of vasomotion in
most rats.
It is interesting that the testis and other vascular
beds showed somewhat opposite reactions to
hypoxia-reoxygenation injury. In an earlier study
we noted activation of capillary flow motion in
intestinal villi during hemorrhagic shock15 but the
testis is characterized by an opposite reaction that
is marked by the disappearance of physiological
capillary flow motion. Furthermore, the positive
effect of ETR-p1/fl treatment was seen in improve-
ments in microvascular flow in each case but with
different effects on flow motion. Nonetheless, the
ET-A antagonist applied appeared to restore the
original physiological characteristics of temporal
flow variability.
A potential explanation of these reactions linked
to vasospasm is the effect of ET-1 on NADPH
oxidase dependent O2
 production with resulting
impairment of endothelium dependent vasodilata-
tion.26 Activation of this pathway is implicated in
diabetic testopathy but to our knowledge its role
in T/R induced testicular injury has not yet been
defined. Nonselective ET receptor antagonism
ameliorates testicular postischemic free radical
production, apoptosis and tissue injury but the
relative importance of tissue derived NADPH
oxidase has not been clarified.
PMN leukocytes are another potential source of
an oxidative stress induced increase in DNA dam-
age and germ cell apoptosis. Margination and dia-
pedesis of leukocytes occur within 4 hours after
torsion repair.27 Activated extravasated neutrophils
secrete important components of tissue injury suchDownloaded for Anonymous User (n/a) at HUNGARY - Szeged U
For personal use only. No other uses without permission.as growth factors, chemokines and cytokines, and
they complement components such as proteases,
nitric oxide, reactive oxygen metabolites and per-
oxynitrite at inflammatory sites. PMNs contribute
to germ cell DNA damage and the initiation of
mitochondrial apoptotic pathways.28 Tissue accu-
mulation of PMNs is facilitated by proinflammatory
cytokine induced increases in adhesion molecule
expression while monoclonal antibodies against
P-selectin29 and E-selectin30 dramatically decrease
tissue invasion and apoptosis. In our study IVM
demonstrated significant increases in leukocyte-
endothelial cell interactions in subtunical venules,
followed by tissue accumulation as evidenced by
MPO activity measurements. Notably the ETR-p1/fl
peptide exerted a positive effect on these reactions.
This study has certain limitations because
important indexes of tissue injury could not be
examined, eg oxidative stress parameters, sper-
matocyte apoptosis or changes in endocrine func-
tion, fertility or testicular morphology. The relative
contributions of temporal microvascular flow
variability, perfusion deficit and PMN mediated
pathways to overall testicular injury could not be
clarified. In conclusion, it appears reasonable to
assume that the beneficial effects of ET-A antago-
nism on PMN accumulation, acting in concert with
those on the preservation/restoration of tissue
perfusion, are involved in overall prevention of the
testicular atrophy that was otherwise seen 45 days
after the T/R challenge.ACKNOWLEDGMENTS
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